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Both avian reovirus core protein A purified from virus-infected cell extracts and the purified bacterially expressed protein
A (eA) were characterized for their nucleoside triphosphate (NTP) hydrolysis activity by thin-layer chromotography. Protein
A from both preparations has a nonspecific nucleotidyl phosphatase activity that hydrolyzes four types of NTP to their
corresponding nucleoside di- and monophosphates and free phosphate. The divalent cation requirement for this activity of
eA was further examined by the addition of Mn2, Mg2, Ca2, and Zn2 ions. NTP hydrolysis by eA was maximal when
Mn2, Mg2, or Ca2 concentrations were 5, 4, or 1 mM, respectively. Addition of Mn2 or Mg2 stimulated the reactions up
to 4- or 3-fold, respectively, higher than Ca2 (2.2-fold). However, Zn2 ion inhibited this activity of eA. The results suggest
that nucleotidyl phosphatase activity of eA is absolutely dependent on the divalent cations Mn2, Mg2, or Ca2, but not Zn2.
Similar results were obtained from the analysis of divalent cation requirements for the protein A nucleotidyl phosphatase
activity. Optimal pH for nucleotidyl phosphatase activity of protein A from both preparations was determined using reactionoptimaINTRODUCTION
Generally, both avian and mammalian reoviruses, the
prototype of the genus orthoreovirus, have similar fea-
tures in their structure and molecular compositions
(Gouvea and Schnitzer, 1982; Wickramasinghe et al.,
1993). The intact virions of avian reovirus consist of 10
segments of double-stranded RNA (dsRNA) enclosed by
a double-shell capsid involving eight proteins (Varela
and Benavente, 1994). Proteins B, B, and C are the
outer capsids and A, B, C, A, and A are the core
proteins (Wickramasinghe et al., 1993; Varela and Ve-
navente, 1994). Mammalian reovirus has been shown to
possess all the enzymatic activities required for the syn-
thesis and maturation of viral transcript (Schiff and
Fields, 1990). Some of the enzymatic activities have been
assigned to specific products. Protein 3 is the viral
RNA-dependent RNA polymerase (Drayna and Fields,
1982; Moody and Joklik, 1989; Starnes and Joklik, 1993).
Protein 2 contains the guanylyltransferase (Cleveland
et al., 1986; Fausaugh and Shatkin, 1990; Mao and Joklik,
1990) and is possibly also the methyltransferase (Seliger
et al., 1987; Koonin, 1993) activity in the capping process.
Recently, the nucleoside triphosphate phosphohydrolase
(NTPase) activity present in the cores has been assigned
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dressed at the Department of Veterinary Medicine, College of Veteri-379to the proteins 1, coded by the L3 gene (Noble and
Nibert, 1997a; Bisaillon et al., 1997), and 2, coded by the
M1 gene (Noble and Nibert, 1997b), based on assays of
gene reassortment. In addition to NTPase activity, protein
1 can also unwind double-stranded nucleic acid mole-
cules, indicating that 1 participates as a helicase during
transcription of the viral genome (Bisaillon et al., 1997).
Another core protein, 2, has been shown to be a
dsRNA-binding protein (Dermody et al., 1991), but its
enzymatic functions that may be involved in transcription
and replication of the viral genome have not been deter-
mined.
The basic biology of avian reovirus is much less in-
vestigated than that of its mammalian counterpart. A
preliminary physicochemical characterization of avian
reovirus revealed that viral particles have endogenous
mRNA polymerase and mRNA methylase activities
(Spandidos and Graham, 1976). The evidence of the
presence of oligoadenylates within avian reovirus sug-
gests that the virions likewise have poly(A) polymerase
activity (Koide et al., 1968; Spandidos and Graham, 1976).
Recently, biochemical studies have demonstrated that
the core protein 3 (C) is the avian reoviral guanylyl-
transferase (Martinez-Costas et al., 1995). Their results
also showed that avian reovirus particles have the
NTPase activity. However, it is currently not known which
of the viral proteins are responsible for this activity.
As part of our work to characterize avian reovirus coremixtures buffered at different pH. The results show that the
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protein. The results indicated that core protein A pre-
pared from virus-infected chicken embryo fibroblasts
(CEF) or synthesized in Escherichia coli contained the
active site of the nucleotidyl phosphatase activity that
enabled the protein to hydrolyze all four NTPs to their
corresponding nucleoside di- and monophosphates and
free phosphate (Pi).
RESULTS
Preparation and identification of protein A and eA
By taking advantage of the property that avian reoviral
protein A binds dsRNA (Yin et al., 2000; Martinez-Cos-
tas et al., 2000), poly(rI)–poly(rC)–agarose was thus used
to prepare the protein A from S1133-infected CEF for
its NTP hydrolysis activity assay. The supernatant
from S1133- or mock-infected CEF was incubated with
poly(rI)–poly(rC)–agarose. After being washed, proteins
were eluted with binding buffer A–800 mM NaCl and
analyzed in SDS–PAGE. A major protein band of approx-
imately 45 kDa was observed in virus-infected CEF su-
pernatants (Fig. 1A, lane 1), but not in mock-infected CEF
cell preparations (Fig. 1A, lane 2). In addition to A, some
other protein bands bound to poly(rI)–poly(rC) were no-
ticed in both preparations. The identity of the eluted
proteins was further determined using a monoclonal
antibody, MAb32, against protein eA. Western blot anal-
ysis indicated that a major protein band with the molec-
ular weight of 45 kDa observed in SDS–PAGE reacted
specifically with the antibody (Fig. 1B, lane 1), although
some other minor bands were also observed. These
bands were probably generated as a result of the deg-
radation of protein A as they were not evident in the
sample prepared from mock-infected CEF (Fig. 1B, lane
2). Some visible bands with high molecular weights were
also recognized. This could be due to protein molecules
not being well dissociated after boiling. The results indi-
cate that protein A makes up the major content in the
protein preparation.
For the NTP hydrolysis activity assays of eA, bacterial
cells containing the construct pET32a-A or pET32a
alone were induced and the soluble proteins were puri-
fied using His-Bind resin. Proteins in a fraction from the
cell lysates of pET32a-A eluted with binding buffer
B–100 mM imidazole produced a major band with an
estimated molecular size of 61.5 kDa, similar to the ex-
pected fusion protein (Fig. 2A, lane 2). This protein was
not observed in the samples prepared from the cell
lysates of pET32a alone (Fig. 2A, lane 1). To obtain eA
for the NTP hydrolysis activity assay, the purified fusion
protein was digested with enterokinase and the 16-kDa
peptide was removed from eA by His-Bind resin. The
SDS–PAGE analysis of the purified protein showed the
presence of a protein of approximately 45.5 kDa (Fig. 2A,
lane 4). The nature of the purified protein was further
determined using MAb 32 against eA. Western blot
analysis indicated that the expressed fusion protein or
protein eA showed a predominant band with the esti-
mated molecular size of 61.5 kDa (Fig. 2B, lane 2) or 45.5
kDa (Fig. 2B, lane 4), respectively. The results suggest
FIG. 2. Preparation of protein eA. (A) Protein eA was synthesized
in E. coli. BL21(DE3) as a fusion protein, purified, and stained with
Coomassie blue after SDS–PAGE. Bacterial cells were induced with
IPTG for 3 h, starting at 2 h after the OD600 of 0.6 was obtained, and
lysed. Lanes 1 and 2 are the samples obtained from the supernatants
of cells containing pET32a alone or pET32a-A, respectively, by puri-
fication with His-Bind resin. The samples obtained from the purified
protein preparations as indicated in lane 2 were digested with enteroki-
nase (lane 3), followed by removal of the 16-kDa peptide by His-Bind
resin (lane 4). Molecular weight prestained standard markers (Bio-Rad)
are indicated on the left. (B) Western immunoblot with a monoclonal
antibody MAb32 against eA (1:2000) was performed for the identifi-
cation of the purified protein eA. Lanes 1 to 4 are the same samples
as for A.
FIG. 1. Preparation and identification of viral protein A. (A) Super-
natants from avian reovirus S1133- (lane 1) and mock- (lane 2) infected
CEF were incubated with poly(rI)–poly(rC)–agarose. After centrifuga-
tion, proteins were eluted from the pellets with binding buffer A–800
mM NaCl and were stained with Coomassie blue after SDS–PAGE.
Molecular weight prestained standard markers (Bio-Rad) are indicated
on the left. (B) Western immunoblot with monoclonal antibody MAb32
against eA (1:2000) was performed for analysis of the reactivity spe-
cific to A. Lanes 1 and 2 are the same samples as for A.
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that the purified eA is encoded by the A coding region
of the avian reovirus S2 gene.
Proteins A and eA possess nucleotidyl
phosphatase activity
To determine if the protein A or eA preparation has
NTP hydrolysis activity, protein A preparations were
incubated with -32P-labeled NTP. The products were
subsequently resolved by thin-layer chromatography
(TLC). Figure 3 (lane 4) shows that NTP in the samples
containing the protein A preparation were hydrolyzed to
their respective NDP, NMP, and Pi. Since the protein A
prepared from S1133-infected CEF by poly(rI)–poly(rC)
was still contaminated with some cellular components,
protein preparations from mock-infected CEF made us-
ing the same procedures were also used for NTP hydro-
lysis activity assay. The results indicated that NTP hydro-
lysis activity was not observed in the reactions in which
proteins prepared from mock-infected CEF (Fig. 3, lane 2)
or buffer alone (Fig. 3, lane 3) were used. This was also
not observed for the reactions even when a fivefold
excess of protein for negative control was used (data not
shown). Hence, the data indicated that protein A of
S1133 possessed associated nucleotidyl phosphatase
activity that enabled the protein to hydrolyze the , , and
 phosphodiester bonds of all four NTPs.
To further characterize NTP hydrolysis activity, protein
A was synthesized in E. coli. The purified protein eA
was then used for its NTP hydrolysis activity assay fol-
lowing the same procedures as described for A prep-
arations. As shown in Fig. 4 (lane 4) NTP were hydro-
lyzed to their respective NDP, NMP, and Pi, suggesting
that bacterially expressed eA retained the nucleotidyl
phosphatase activity that was observed for protein A
FIG. 3. Protein A possesses a nucleotidyl phosphatase activity. Reaction mixtures containing 1 g of protein from mock-infected CEF (lane 2), no
added protein (lane 3), or 1 g of purified A (lane 4) and 10 Ci of -32P-labeled ATP, UTP, CTP, or GTP were incubated for 1 h at 37°C. The products
of the reaction were resolved by TLC and detected by autoradiography. The positions of NDP and NMP were determined by cochromatography of
markers prepared by digestion of [-32P]NTP with tobacco acid pyrophosphatase (lane 1). Free isotope-labeled phosphate is indicated by arrowheads.
FIG. 4. Specificity of the nucleotidyl phosphatase activity of eA. Reaction mixtures containing 1 g of protein from bacterial cells containing
pET32a after IPTG induction (lane 2), no added protein (lane 3), or 1 g of eA (lane 4) and -32P-labeled ATP, UTP, CTP, or GTP were prepared as
described for Fig. 1. A 10-fold excess of each of the three (cold) NTPs not represented by the radiolabeled NTP was added to the reactions (lane 5).
After incubation, the products of the reactions were resolved by TLC and detected by autoradiography. Markers were generated by digestion of
[-32P]NTPs with tobacco acid pyrophosphatase (lane 1).
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preparation. This was not observed for the reactions in
which proteins prepared from the bacterial cells contain-
ing pET32a alone after IPTG induction were used (Fig. 4,
lane 2), even when a fivefold excess of this protein was
used (data not shown), or when buffer alone (Fig. 4, lane
3) was used.
Properties of the nucleotidyl phosphatase activity of
A and eA
To determine if the NTP hydrolysis activity of eA
preferentially hydrolyzed one or more of the NTPs, eA
was added to reaction mixtures containing one of the
radiolabeled NTPs and a 10-fold excess of each of the
three other (cold) NTPs. The results showed that the NTP
hydrolysis activity of eA for all four NTPs was markedly
reduced (Fig. 4, lane 5). Thus, eA has a nonspecific
nucleotidyl phosphatase hydrolysis activity.
Most viral proteins that possess NTP hydrolysis activ-
ity required divalent cations to activate the enzyme effi-
ciency (Kuo et al., 1996; Noble and Nibert, 1997a; Ra-
madevi and Roy, 1998). We therefore examined the diva-
lent cation requirements for the eA NTP hydrolysis
activity by the addition of Mn2, Mg2, Ca2, or Zn2 ions.
The products of the reactions were resolved by TLC,
detected by autoradiography, and quantitated with a
phosphoimager. The results are showed in Fig. 5. The
NTP hydrolysis activity increased rapidly with increasing
Mn2 concentration, reaching a maximum in the pres-
ence of 5 mM Mn2. Higher Mn2 concentration inhibited
the NTP hydrolysis activity of eA (Fig. 5A). Similar re-
sults were obtained with Mg2, but the NTP hydrolysis
activity reached a maximum in the presence of 4 mM
Mg2 (Fig. 5B). While Mn2 ion addition stimulated the
reaction up to 4-fold, addition of Mg2 stimulated it 3-fold.
The NTP hydrolysis activity increased immediately when
the Ca2 concentration was at 1 mM and then no signif-
icant change was seen throughout the concentration
curve of the experiment (Fig. 5C). Ca2 addition stimu-
lated the reaction up to some 2.2-fold, lower than Mn2 or
Mg2. In addition, Zn2 ion inhibited NTP hydrolysis ac-
tivity of eA (Fig. 5D). These results suggested that the
nucleotidyl hydrolysis activity of eA was absolutely de-
pendent on the divalent cation Mn2, Mg2, or Ca2,
which could not be substituted by Zn2 ion because the
latter has an inhibitory effect. Similar results were ob-
tained from the analysis of the divalent cation require-
ments for the protein A nucleotidyl hydrolysis activity
(Fig. 5).
The rate and duration of the activity of an enzyme is
commonly based on enzyme concentration at defined
conditions of pH and temperature. To determine the
optimum pH for nucleotidyl hydrolysis activity of protein
A or eA, the tests were monitored using reaction
mixtures buffered at different pH. The data indicated that
the optimum activities of both protein preparations were
similar and were achieved between pH 7.5 and 8.5
(Fig. 6).
Since the NTP hydrolysis activities between the two
preparations are very similar, the data strongly suggest
that the activities are mediated by protein A from both
preparations rather than the contaminants.
FIG. 6. The optimal pH for the GTP hydrolysis activity of both protein
preparations of A () and eA (). Reactions were conducted as
described for Fig. 3. The reaction mixtures were buffered at the indi-
cated pH. The reactions were resolved by TLC, detected by autora-
diography, and quantitated with a phosphoimager. The percentage
activity was calculated from the amount of GTPase hydrolysis. The
mean percentage activity obtained from the tests in duplicate was
plotted against pH values.
FIG. 5. Effect of divalent cations on A () or eA () GTP hydrolysis
activity. Reactions were performed as described for Fig. 3, except that
no divalent cations were added to the reaction mixtures. The effects of
MnCl2 (A), MgCl2 (B), CaCl2 (C), or ZnCl2 (D) were studied by including
the respective divalent cation as indicated. The products of the reaction
were resolved by TLC, detected by autoradiography, and quantitated
with a phosphoimager. The relative activity was calculated by taking
the value obtained with no added divalent cations in the reaction as 1.0.
The mean relative activity obtained from two individual tests was
plotted against the amount of added divalent cation.
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DISCUSSION
Avian reoviral protein A, similar to its counterpart 2
of mammalian reovirus, is a dsRNA-binding protein (Yin
et al., 2000; Martinez-Costas et al., 2000). Because A is
one of the core proteins of avian reovirus (Wickramas-
inghe et al., 1993; Varela and Benavente, 1994), it was
suspected that this protein may contain enzymatic activ-
ities, including NTP hydrolysis activity, involved in achiev-
ing transcription and replication of the viral genome. We
further extended our past studies (Yin et al., 2000) to
determine if A is a determinant of the NTP hydrolysis
activity associated with avian reoviral cores. The results
presented here show that A contains the active site of
the nucleotidyl phosphatase activity.
NTPase activity is important for transcription (Lowery
and Richardson, 1977), RNA processing (Schwer and
Gathrie, 1991), and translation (Grifo et al., 1984). This
activity has been identified for the gene products of
several viruses such as vaccinia virus (Paoletti and
Moss, 1974), yellow fever virus (Warrener et al., 1993),
Japanese encephalitis virus (Kuo et al., 1996), and dsRNA
viruses, including mammalian reovirus (Noble and Nib-
ert, 1997a,b), orbivirus (Ramadevi and Roy, 1998; Staue-
ber et al., 1997), and rotavirus (Taraporewala et al., 1999).
Generally, these proteins possess the NTPase activity
that can hydrolyze only the  phosphodiester bond of
NTPs, as NDPs are the only products generated from
[-32P]NTPs. Although the protein A of ARV possesses
similar enzymatic activity that catalyzes the hydrolysis of
all four NTPs, A has a strong phosphatase activity that
cleaves all three phosphodiester bonds. Recently, this
nucleotidyl phosphatase activity has also been demon-
strated for the bluetongue virus protein NS2 (Tarapore-
wala et al., 2001). Thus, the nature of the activity of ARV
A or bluetongue virus NS2 is different from that of the
previously reported viral proteins as described above.
Some viral core proteins with NTP hydrolysis activity
have been observed in association with helicase func-
tions which are required for duplex unwinding of ge-
nomes, a process energetically coupled to the hydrolysis
of NTP (Warrener and Collett, 1995; Bisaillon et al., 1997;
Staueber et al., 1997). It has been shown that avian
reoviral protein A is one of viral core proteins (Wickra-
masinghe et al., 1993; Varela and Venavente, 1994) and
recent data indicate that it is a dsRNA-binding protein
(Martinez-Costas et al., 2000; Yin et al., 2000). The func-
tions of the nucleotidyl phosphatase activities of A in
the biology of ARV are unknown and evidence for the
helicase activity associated with A has not been ob-
served; however, the hydrolysis of NTPs by A may be
important for generating energy that is used for tran-
scription and replication of the viral genome.
For mammalian reoviral core proteins, NTPase activity
was shown to be associated with purified cores and
assigned to the 1 and 2 proteins (Noble and Nibert,
1997a,b). As avian reoviral cores are structurally and
functionally similar to mammalian reoviral cores, in ad-
dition to A associated with nucleotidyl phosphatase
activity, the other core proteins associated with NTPase
activity cannot be ruled out. Protein A is unlikely the
only determinant for NTPase activity associated with
avian reoviral cores since ARV particles with NTPase
activity have been observed (Martinez-Costas et al.,
1995).
MATERIALS AND METHODS
Cells and virus
The vaccine strain S1133 of avian reovirus (Vineland
Laboratories), which has been adapted to grow in CEF
and was plaque-purified as described previously (Wu et
al., 1994), was used in this study.
Preparation of viral protein A from S1133-infected
cells
Confluent CEF monolayers were infected with 5 to
10 m.o.i. of S1133 or mock-infected with medium alone
(M199 supplemented with 2% fetal calf serum) and incu-
bated at 37°C for 16–18 h. The cells were scraped into
hypotonic buffer (3 mM Tris–HCl, 3 mM NaCl, 0.5 mM
MgCl2, pH 7.5) (Kattoura et al., 1992) and frozen and
thawed three times to disrupt cells. Cellular debris and
nuclei were removed by centrifugation at 10,000 g for 10
min. The supernatants were collected and adjusted to
0.1% Chaps, 0.2% 2-mercaptoethanol, 0.05% Triton X-100,
5 mM EDTA, and 2 M urea and then incubated at 37°C
for 15 min followed by centrifugation at 15,000 g for 15
min. The procedures for the preparation of viral protein
A were as described previously (Yin et al., 2000). Briefly,
the supernatants prepared above were incubated with
poly(rI)–poly(rC)–agarose which had been washed three
times with binding buffer A–100 mM NaCl (2 mM HEPES,
pH 7.4, 5 mM magnesium acetate, 0.1% NP-40, 1 mM
dithiothreitol, 10% glycerol, 100 mM NaCl) at 24°C for 30
min with gentle agitation. Agarose was pelleted and
washed three times with binding buffer A–600 mM NaCl,
proteins were eluted with binding buffer A–800 mM
NaCl. The same procedures were carried out on the
samples prepared from mock-infected CEF. The eluted
proteins were collected and used as the negative con-
trol.
Preparation of the expressed protein eA from
bacterial cells
To express protein A of S1133 for further character-
ization of its NTP hydrolysis activity, the expressed pro-
tein eA was synthesized in E. coli BL21(DE3) and puri-
fied as described (Yin et al., 2000). Briefly, the recombi-
nant plasmid pET32a-A containing the coding region
for A in the S2 gene segment of S1133 (Yin et al., 2000)
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was used to transform E. coli and the synthesis of eA
was induced by 1 mM IPTG. pET32a-A expressed a
61.5-kDa fusion protein, which included all 415 amino
acids encoded by the S2 gene and a 16-kDa protein
encoded by the vector itself, at the N-terminal end of the
fusion peptide. To obtain soluble expressed fusion pro-
teins, whole-cell pellets from the bacterial cultures were
disrupted by sonication in binding buffer B containing 20
mM Tris–HCl, 100 mM NaCl (pH 7.4), and the homoge-
nates were centrifuged at 360,000 g for 30 min. The
soluble fusion proteins were purified from the superna-
tants using a His-Bind resin column (Novagen) according
to the manufacturer’s instruction manual. After being
washed with 15 ml of binding buffer B–60 mM imidazole,
the fusion proteins were eluted with 5 ml of the same
buffer B–100 mM imidazole. Samples containing the fu-
sion proteins were dialyzed against enterokinase cleav-
age buffer (20 mM Tris–HCl, pH 7.4, 50 mM NaCl, 2 mM
CaCl2) overnight with several changes, and enterokinase
(Novagen) was then added at a final concentration of 3 U.
The reaction was allowed to continue for at least 16 h at
21°C. The 16-kDa peptides were removed by incubating
the reaction mixtures with His-Bind resin, followed by
centrifugation. The supernatants containing eA were
collected for further analysis. The same procedures were
applied to the samples prepared from bacterial cells
containing pET32a without the insert of the A coding
region. The supernatants collected were used as the
negative control.
Thin-layer chromatography assay for NTP hydrolysis
products
The reaction mixtures were similar to those described
by Taraporewala et al. (1999) with little modifications.
Briefly, reaction mixtures contained 1 g of the prepara-
tions of protein A or eA, 50 mM Tris–HCl (pH 7.5), 5
mM MgCl2, and 10 Ci of -
32P-labeled ATP, GTP, CTP, or
UTP (sp act3000 Ci/mmol; NEN) in a total volume of 10
l. After incubation at 37°C for 1 h, 1 l of 0.5 mM EDTA
was added, and proteins were removed by phenol/chlo-
roform extraction. One microliter of each reaction prod-
uct was spotted onto plastic-backed polyethyleneimine–
cellulose TLC sheets (Merck), and the NTP hydrolysis
products were resolved by an ascending chromatogra-
phy in a solvent containing 1 M formic acid and 0.5 M
LiCl. The sheets were dried and radiolabeled spots on
the sheets were detected by autoradiography. Radiola-
beled NTP treated with 5 U of tobacco acid pyrophos-
phatase (Epicentre) was added as the NDP and NMP
markers.
To determine if the NTP hydrolysis activity of protein
A required divalent cations, Mn2, Mg2, Ca2, or Zn2
was added to the reaction mixture and was adjusted to
yield the desired concentrations as indicated. For quan-
titative evaluation of the NTP hydrolysis products, a
phosphoimager (FujiPhoto Film) was employed to mea-
sure the intensity of the hot spots identified in the X-ray
film. The relative activity was calculated by taking the
value obtained with no added divalent cations in the
reaction as 1.0. Relative activity was plotted against the
concentration of added divalent cation.
To determine the effects of reaction buffers at different
pH values on the NTP hydrolysis activity of protein A,
the reaction mixtures were buffered at different pH val-
ues ranging from 5 to 10 and then incubated at 37°C for
1 h. The percentage activity was calculated from the
amount of GTP hydrolysis as measured by a phospho-
imager.
Monoclonal antibody
Monoclonal antibody against protein eA was pre-
pared and characterized by Pai et al. (manuscript in
preparation). The binding of antibody (MAb32) to protein
A is not conformation-dependent. This monoclonal an-
tibody was used to identify avian reoviral protein A and
eA expressed in E. coli in this experiment.
SDS–PAGE and Western immunoblotting
The nature of the protein A and eA preparations
was analyzed by SDS–PAGE (Laemmli, 1970) after pre-
cipitation with 10% 1,1,2-trichloroacetic acid and Western
immunoblotting using monoclonal antibody 32 (1:2000)
against protein eA as the probe.
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